lysed with TRIzol reagent (Invitrogen). RNA was extracted using RNeasy mini kit (Qiagen). RNA quality (RIN > 7) was assessed by Agilent RNA screen tape assay with Agilent 2200 TapeStation   1  8  6 and quantified by a Qubit RNA HS kit (Molecular Probes). cDNA libraries were prepared using 1 8 7
NEBNext Ultra RNA Library Prep kit for Illumina (New England BioLabs), with each sample Pools of 4 libraries were sequenced by Edinburgh Genomics using the Illumina HiSeq 4000 1 2
Results

5 7
Distribution of TIM4-positive cells in chickens post hatch.
5 8
TIMD4 mRNA was previously found to be relatively abundant in the majority of non-2 5 9
immune as well as immune-related tissues of the chicken (11). Although macrophages are a major 2 6 0 component of all tissues, highlighted using the CSF1R-reporter gene (14) this observation suggests
either that the expression of TIMD4 by macrophages is much less tissue specific than in mammals, 2 6 2 or else that TIMD4 is expressed by non-macrophage lineage cells. To distinguish these alternatives, sections of tissues from 6 week old chicks were examined by immunohistochemistry (IHC) using KUL01 (monocyte/macrophage marker) and anti-chicken TIM4 antibody JH9 (11).
6 5
To validate the monoclonal antibody binding, tissue extracts were first analysed by western 2 6 6
blot. As shown in Figure 1A , in bursa of Fabricius, the monoclonal antibody JH9 bound to a single 2 6 7
TIM4 product at 100 kDa, the predicted size encoded by the long isoform TIM4L 1 mRNA (11). In 2 6 8 spleen, two TIM4 products at the similar density were detected, the larger band at 150 kDa predicted 2 6 9
by the longer TIM4L 0 mRNA (11). In liver, the 150 kDa isoform was most highly-expressed, but a 2 7 0 minor larger isoform was also detected. Figure 1B shows the patterns of staining of TIM4 in a range 2 7 1 of adult tissues, compared to the widely-used macrophage marker, KUL01, which is encoded by a regarded as a marker of functional polarization in mammalian macrophages (27) . In thymus TIM4 + / 2 7 4 KUL01 + cells were mainly located in the medulla ( Figure 1B ). In the caecal tonsil, an important gut- scattered throughout the lymphoid tissue within the lamina propria and the submucosa (arrow).
7 7
Fewer KUL01 and TIM4-positive cells were also present in the muscularis mucosae (M) ( Figure   2 7 8 1B). In lung, both antibodies labelled numerous cells within the lung parenchyma and the bronchial walls ( Figure 1B ). In the bursa of Fabricius, staining patterns with the two antibodies were quite dispersed in red pulp (RP) ( Figure 1B ). In small intestine (jejunum) both KUL01 and anti-TIM4 2 8 6 stained presumptive macrophages in the lamina propria of the villi and crypts ( Figure 1B ). In the of hepatic sinusoids, consistent with their identity as Kupffer cells ( Figure 1B ). In testis, KUL01 and within aggregates of lymphoid cells ( Figure 1B ). In overview, TIM4 was much more widely-
expressed in chickens than in mice, apparently restricted to macrophage-like cells, but not
completely coincident with the widely-used KUL01 marker. antibodies against CSF1R (13) and Bu-1 (expressed by subsets of macrophages as well as B cells (28)) as additional markers. Consistent with the IHC data in Figure 1B , TIM4 + and KUL01 2 9 7 appeared mutually exclusive in liver. By contrast, in spleen, peri-ellipsoidal macrophages co- inside germinal centre to engulf B cell debris, equivalent to tingible-body macrophages in In the intestine, the staining of jejunum and ileum indicated that a heterogeneous population medulla, but again there was little apparent overlap with TIM4 ( Figure 1D ). These results indicate macrophage-like cells throughout adult tissues in the chicken, whereas niether the CSF1R-mApple
transgene, nor KUL01, were uniformly expressed by all chicken tissue macrophages.
Phagocytic activity of TIM4 macrophage
Because they are the largest macrophage population with direct contact to the blood, Kupffer (5). Because avian erythrocytes are nucleated, we reasoned that this activity would be detectable in shown in Figure 2B , after three hours these particles were co-located with TIM4. In this case, the
CSF1R-mApple transgene was detected using anti-RFP antibody. The greater sensitivity of this uptake of fluorescence-labelled Zymosan particles ( Figure 2C ) apoptotic thymocytes ( Figure 2D )
and aged chicken red blood cells ( Figure 2E ). In the bursa of Fabricius, a critical organ involved in avian B-cell development, only 1%-5% medulla and around the corticomedullary junction ( Figure 3A ). The phagocytosis of apoptotic B 3 3 7 cells also occurred in embryonic bursa ( Figure 3B ). TUNEL assays confirmed the association of embryo ( Figure 3D ).
The origins of TIM4 + macrophages in embryonic development
Macrophages first appear in the yolk sac prior to colonization of the embryonic body (15, 16,
). An earlier study comparing mouse and chick, examined TIMD4 mRNA in the chick semi-
quantitatively at embryonic days (ED) 4-7, and inferred that TIMD4 mRNA was likely expressed by yolk sac-derived macrophages. As noted in the introduction, this conclusion was supported by embryo ( Figure 4A ). At ED5, embryo-committed progenitors start to give rise to erythroid and buds, the aorta-gonad-mesonephric (AGM) region, liver and ventricle ( Figure 4C ). In single cell suspensions isolated from the liver, we identified three populations of cells was separated by FACS as shown in Figure 5B and mRNA expression profiles were assessed by
RNAseq. Pairwise comparisons between the three populations are provided in Table S1 .
Surprisingly, the CSF1R-mApple -populations expressed CSF1R mRNA at similar levels to the 3 8 9
CSF1R-mApple + cells, indicating that this transgene does not accurately report CSF1R transcription population.
Finally, in cells isolated from the bursa, we were not able to identify or recover sufficient identified three populations which were separated by FACS using the gates shown in Figure 5C .
mRNA expression profiles were again assessed by RNAseq. Pairwise comparisons of the three
populations are shown in Table S1 . Consistent with the isolation based upon TIM4, there was a
hierarchy of TIMD4 expression. TIMD4 was just detected in the TIM4 -Bu-1+ population, was >10- Transcriptional network analysis.
To analyse the relationship of the separated cell populations to each other, and to identify 4 0 7
transcripts that are strictly co-regulated with TIMD4 and CSF1R, we utilised the network analysis 4 0 8
tool Graphia Pro (www.kajeka.com), which was developed from BioLayout Express 3D (32). For this 4 0 9
purpose, we included averaged expression from RNAseq datasets from hatchling spleen and bursa
and from bone marrow-derived macrophages grown in CSF1 (12) were separately pooled and averaged. Figure 6 shows the sample to sample clustering. The with their tissue/related cell type rather than with each other indicating that TIM4 expression is not, profile of each cluster are provided in Table S2 . TIMD4 was co-expressed with a small set of lineage. Indeed, there were few clusters that were clearly associated with cell types or process. Not Otherwise, the only other large expression clusters with evident cell type association were Cluster 7, particles.
7
We identified a subpopulation of blood monocytes in chickens that express detectable TIM4;
around 50% of the total population ( Figure 5A ). TIMD4 mRNA is not detected in monocytes in subpopulations of blood monocytes have been recognised and referred to as "classical" and "non- classical monocytes, and their differentiation is controlled by CSF1 (31, 37). We used the profiles of chicken blood monocytes (Table S1 ). To our knowledge, this is the first such dataset 4 5 8 generated. The cluster analysis in Table S2 identified a set of transcripts that was strongly enriched suggests that it does indeed have a function in monocyte as well as granulocyte regulation in birds.
6 3
The gene annotated as CSF2RA (GM-CSF receptor) was lowly-expressed, but a putative paralog 4 6 4 (ENSGALT00000026942) was present at much higher levels in monocytes and on that basis, highly-expressed and increased around 50% in TIM4 + cells. In common with mouse monocytes, the 4 6 8 chicken monocytes expressed high levels of the chemokine receptors, CCR2, CXCR4 and CX3CR1. The TIM4 + subpopulation had increased expression of CX3CR1 in common with "non-classical" differentiation series rather than a distinct subset (Table S1 ). There are relatively few transcripts 4 7 8 encoding specific functions that were both highly and selectively expressed in the TIM4 + monocytes.
7 9
Most notable is around 2-fold increased expression of ACVRL1, C1QA, C1QB, C1QC, CX3CR1, may be the resident scavengers of blood. positive cells (Table S1 ). This finding appears at first glance to be distinct from mouse, in which a modified transgene, which lacks a 150bp distal promoter element but contains the FIRE enhancer, avian species, aside from FIRE, that were not included in the avian CSF1R transgene (14). We infer relative to the liver cells (Table S1 ) in which CSF1R-mApple was active; amongst these factors, key point is that the chicken CSF1R transgene we have produced provides a convenient marker that 5 0 6 distinguishes monocytes and dendritic cells (discussed further below) from resident Kupffer cells.
0 7
The set of transcripts that was co-enriched with TIMD4 in the TIM4 hi , CSF1R-mApple
Kupffer cell population (Table S1) Kupffer cell population may also be enriched for platelets. An unannotated gene (LOC101750889) VSIG4 (highlighted in Table S1 ). Each of these genes is strongly Kupffer cell-enriched in mice (49, 5 1 9 50) and induced during embryonic liver differentiation (20). Notably, the scavenger receptor gene
MARCO is almost exclusively expressed in the chick liver TIM4 + macrophage population (Table   5 2 1 S1). One poorly-annotated liver-specific transcript that was even more highly-expressed than protein and may provide a novel Kupffer cell marker. The cluster analysis (Table S2) and GPR34 were highly-expressed. The underlying transcriptional regulation is also consistent with
data from mice, in that genes encoding known regulators of apoptotic receptors in mice, NR1H33 5 2 7
and PPARG (51) were also strongly-enriched in the chicken Kupffer cells. In mice, Kupffer cells are the conservation of this function and its regulation, the chick Kupffer cells were enriched for of these genes (53) ( Table S1 ). In mammals, CD163-mediated endocytosis of haemoglobin-
haptoglobin complexes is a major pathway for iron uptake (54). However, CD163, and CD163L1 were barely detected in any of the isolated chicken macrophage populations (Table S1 ). macrophages relative to both Kupffer cells and the TIM4 -population (Table S1 ). more than 10-fold in this population relative to Kupffer cells (Table S1) , along with the co- XCR1, and ZBTB46. Table S1 identifies additional candidate markers for these cells:
LGALS2,
LRRK1 and P2RY6. The data in Figure 2 and 3 demonstrate that these cells are not active
phagocytes, but they are not deficient in lysosome-associated transcripts (e.g. LAMP1, CTSB) by related to blood monocytes, but monocytes lack FLT3 mRNA. We speculate that in the absence of presentation in birds.
7
The comparison of TIM4 + and TIM4 -, CSF1R-mApple + cells in the liver does not simply set, strongly-enriched in the TIM4 -population, includes monocyte-associated markers, S100A8,
CSF3R, TLR2A, and MRC1LB, inflammatory cytokines (IL1B, IL6) and the stress-associated 5 6 5 transcription factor, NFE2L2. A similar monocyte-like population has also been identified in mouse Kupffer cells and blood monocytes, BMDM and spleen (see Table S1 and Cluster 9 in Table S2 ).
7 2
The chicken SCL11A1 gene was previously shown to be expressed in liver, thymus and spleen. As in
mice, SCL11A1 polymorphism was associated with resistance to Salmonellosis (57). Consistent with that report, SLC11A1 was undetectable in bursal cell populations (Table S1 ). The enrichment
in the DC, which appear poorly endocytic, is somewhat paradoxical, since Salmonella is an presentation rather than control of intracellular pathogen replication. In overview, we have
identified three populations of mononuclear phagocytes in the liver ( Figure 5B ), all of which express
CSF1R. 20-30% of the isolated cells were TIM4 hi Kupffer cells. The gates in Figure 5B are CSF1R-mApple and appear adapted for antigen presentation. In the bursa, there were relatively few transcripts that were strongly-expressed and or DC. Based upon high Bu-1 expression, and sample-to-sample clustering in Figure 6 , both Bu-1
populations appear to be mainly B cells, and indeed the TIM4 + and TIM4 -populations share similar 2). consistent with adaptation for elimination of apoptotic cells and identity with the active phagocytes with expression of TIM4 and characterised a surprisingly abundant population of DC in the liver. Recent evidence in mice indicates that blood monocytes can, and do, differentiate into self-renewing 6 0 8
Kupffer cells (58), even though this is not a major pathway in the steady state (31). Further studies 6 0 9
will be required to determine whether TIMD4-expressing cells in the liver and bursa and elsewhere, and the distinct myeloid populations in liver, derive from monocytes or are entirely self-renewing.
In this respect, our ability to generate cellular transplantation models, both in ovo and in hatchlings 6 1 2 (17) and emerging capacity to generate knockouts (59) may make the chick a unique system for the 6 1 3 study of macrophage and DC ontogeny. sections (10 µm) from 4 week old birds were co-stained with anti-TIM4 (red) or KUL01, CSF1R or
Bu-1 (green) as indicated. The tissues included liver, spleen (spl), jejunum and ileum. PEZ: Splenic serial sections from at least three birds. Cryostat sections from 4-week-old Novogen brown layers were analysed by TUNEL assay, the cell particle phagocytosis. Green fluorescent latex beads (0.1µ) were administrated to 4-week-old 6 3 7
CSF1R-mApple transgenic birds via intravenous injection. Three hours later, the liver was harvested anti-TIM4 antibody (red) and the nucleus counter-stained with DAPI (blue). Kupffer cell 6 4 6 phagocytosis of chicken red blood cells was also analysed, as shown in light contrast image in (E). 
